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Abstract 

We investigated the interactions of U(VI) with two bacterial phosphate species: Gram-

positive B. sphaericus and Gram-negative P. aeruginosa.  The Gram-positive B. 

sphaericus was investigated using Raman spectroscopy and time-resolved laser-induced 

fluorescence spectroscopy (TRLFS). We found that living cells, spores, and intact heat-

killed cells complexed U(VI) (pH 4.5) through phosphate groups bound to their surfaces, 

while decomposed cells released H2PO4
– and precipitated U(VI) as UO2(H2PO4)2. TRLFS 

of U(VI) showed that Gram-negative P. aeruginosa—genetically engineered to 

accumulate polyphosphate, subsequently degrade it, and secrete phosphate—precipitated 

U(VI) quantitatively at pH 4.5. The same bacterial strain, not induced to secrete 

phosphate, sorbed only a small amount of U(VI).  
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1. Introduction 

Bacteria, ubiquitous in all aquatic and soil systems, can interact in many ways 

with actinides; among other things, they can mobilize or immobilize actinides in the 

environment, leading to their dissolution or precipitation.[1] Understanding the 

interactions between microbes and actinides is a key to industrial applications of these 

processes and is also necessary to predict the migration behavior of actinides in the 

biosphere. For example, mobilization of actinides by “bioleaching” can be used for 

mining operations,[2] whereas immobilization of actinides by microorganisms is useful 

for bioremediation of  actinides from aqueous nuclear waste.[3, 4] Both dissolution and 

precipitation must be taken into account to predict the migration behavior of 

radionuclides in the environment. [5] 

The highly complex interactions of microbes with actinides are only partly 

understood, due to differences in their surface and metabolic processes. Actinides interact 

mainly with functional groups on the cell surface [6, 7] and with metabolic products 

released by microorganisms.[8] Only in certain cases can actinides penetrate the cell 

walls and be taken up by the microorganisms.[9] Microorganisms can actively change 

their chemical environment; in particular, they can achieve a chemical microenvironment 

close to the cell wall that can affect the oxidation state or the solubility of actinides.[1, 8, 

10, 11] 

The general chemical environment can also affect microorganisms. Lack of 

nutrients, competition by other organisms, or changes in overall physical and chemical 

conditions of the aquatic system can lead to sporulation or the death of cells. Living cells, 

bacterial spores, and dead bacteria interact differently with actinides.[6, 12] Previous 
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research has compared the sorption of actinides by binding to functional groups on the 

surface of various bacterial strains, spores, and dead cells. The binding strength and 

reversibility of the binding has also been examined by extraction experiments.[6]  The 

aim of the present investigation is to elucidate the nature of the chemical interactions 

between actinides and microorganisms. We focus on the influence of phosphate, which is 

present as a major functional group in cell walls.[7] Phosphate groups on the surface of 

many bacterial species are found to be the main site for actinide sorption.[6] Phosphate is 

also an essential nutrient and therefore an important component in cellular metabolism. 

Released by bacteria, phosphate may lead to precipitation of actinide phosphates, a 

phenomenon that may be useful for the bioremediation of actinides from aqueous 

systems.[13] 

Few analytical methods can provide information on the chemical environment of 

actinides at low concentrations in aqueous bacterial suspensions. Two methods that are 

suitable for studying interfacial processes of selected metal ions on cell surfaces are time-

resolved laser-induced fluorescence spectroscopy (TRLFS) [6, 14] and surface-enhanced 

or resonance Raman spectroscopy.[15, 16] TRLFS can detect changes in the chemical 

environment of fluorescing actinides through changes in their fluorescence spectra. 

U(VI), for example, has excellent fluorescence properties. Raman spectroscopy can 

provide information on the nature of bacterial phosphate species by comparing their 

Raman shifts with reference compounds. By combining the information obtained by 

TRLFS and Raman spectroscopy, we can achieve a comprehensive understanding of the 

interactions of U(VI) with bacterial phosphate groups. 
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2. Experimental 

2.1. Sample preparation 

2.1.1. Samples of Bacillus sphaericus           

The B. sphaericus (ATCC 14577) samples were grown under aerobic conditions in 

500 mL of nutrient medium (8 g/L nutrient broth, Difco) at 22ºC. The biomass was 

separated from the growth medium by centrifugation (6000 x g) and washed four times 

with 40 mL physiological NaCl solution (0.9 %). The concentration of the bacterial stock 

solution was 2.34 g/L, and the pH was 4.5. A detailed description of the preparation of the 

bacteria and the spores is given in[6, 12]. 

 

2.1.2. Samples of Pseudomonas aeruginosa      

The polyphosphate kinase gene (ppk) from P. aeruginosa was cloned and placed 

under the control of the Ptac-lac promoter in pMMB206 [17] and transformed into P. 

aeruginosa HN854 [18] via triparental mating. Experiments were conducted in minimal 

MOPS medium [19] containing 3% glycerol as a carbon source and 15 mM glycerol-2-

phosphate. Phosphate starvation conditions were achieved by providing 0.15 mM 

glycerol-2-phosphate. The antibiotics chloramphenicol and streptomycin were added at 

concentrations of 50 µg/ml and 100 µg/mL, respectively. Cells were grown under 

phosphate-starvation conditions in minimal medium for 24 h. Excess phosphate was 

added to a final concentration of 13.2 mM. In induced samples, isopropyl β-D 

thiogalactopyranoside (IPTG) was added at a concentration of 1 mM to induce 

polyphosphate accumulation. Cells were incubated for 24 h after addition of excess 

phosphate. They were then centrifuged at 14,000 x g, washed with a 50 mM NaCl 
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solution, and centrifuged again. Freshly grown cultures of genetically engineered P. 

aeruginosa, with and without IPTG to induce ppk expression, were washed and 

suspended in a 0.1 M KNO3 solution at pH 4.5, resulting in a biomass concentration of 

1.1 g/L. A uranyl solution (pH 4.5) was added immediately to give an overall 

concentration of 0.5 mM (0.135 g/L) UO2
2+. 

 

2.1.3. Uranium(VI) reference complexes 

Reference solutions of U(VI) were prepared by dilution of a 10–2 M U(VI) stock solution 

in 0.1 M HClO4. The pH for all solutions was adjusted with HClO4 and NaOH. The 

following substances were used as references for spectroscopy (dissolved in distilled 

water at pH 4.5): 5'-adenosine triphosphate disodium salt (ATP, C10H14N5Na2O13P3 

·xH2O, TCI America), adenosine 5'-monophosphate (AMP, C10H14N5O7P·xH2O, TCI 

America), potassium phosphate (K3PO4· xH2O, Baker Analyzed), potassium hydrogen 

phosphate (K2HPO4· 3H2O, Mallinckrodt), potassium dihydrogen phosphate (KH2PO4, 

Mallinckrodt), and polyphosphate with an average chain length of 77 monomers (sodium 

phosphate glass, Sigma Chem. Co.). 

  

2.2. Instrumentation 

2.2.1. Time-resolved laser-induced fluorescence spectroscopy 

To excite U(VI) fluorescence, we used a pulsed Nd-YAG laser (Spectra Physics, GCR-3) 

operating at a wavelength of 355 nm (achieved by third harmonic generation from the 

1064 nm primary emission). The laser energy (1.6–2.0 mJ) was monitored by a calibrated 

energy meter (Newport, 1812C). The laser beam passed through a rectangular 3 mL 
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quartz cuvette containing the samples. The fluorescence emission perpendicular to the 

laser beam axis was focused with a lens system onto the entrance slit of a spectrograph 

(Acton Research, Spectra Pro 500i) with three gratings. A grating with 300 lines per mm 

and a spectral resolution of 0.2 nm was used. The fluorescence emission was detected by 

an intensified, gated CCD-camera system (Princeton Instruments, PI-Max). A combined 

camera controller, pulser, and timing generator (Princeton Instruments, ST-133) can set a 

variable time delay and time gate. A delay time of 2 µs after the lamp trigger signal of the 

laser was found to be optimal for discriminating light scattering. The gate width was set 

to 1 ms. One hundred spectra were accumulated for every measurement. All functions of 

the spectrograph, controller, pulser, timing generator, CCD-camera, and data collection 

were controlled by a personal computer using the program Winspec 2.4 (Princeton 

Instruments). 

 

2.2.2. Raman spectroscopy 

A continuous-wave argon-ion laser (Coherent, Innova 300) with a wavelength of 514 nm 

and a laser power of 2.5 W was used for Raman spectroscopy. The laser beam passed 

through a rectangular quartz cuvette containing the sample. The scattered light, 

perpendicular to the beam axis, was focused by a lens system onto the entrance slit of a 2-

meter spectrograph (Spex) with a resolution of 0.01 nm. An optional cutoff filter (Hoya, 

Y52) was placed in front of the entrance slit to reduce Rayleigh scattering. Raman 

emission was detected by a photomultiplier  (Products for Research, Inc., R375). The 

photomultiplier signal was read by a photon counter (Stanford Research, SR400) and 

processed with a PC. 
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3. Results 

3.1. Interaction of U(VI) with living and decomposed cells of Gram-positive Bacillus 

sphaericus 

Sorption experiments with actinides and bacteria are usually performed with freshly 

grown biomass; thus they do not take into account transformations that the bacteria can 

undergo with time. Most bacillus strains (i.e., B. sphaericus) can sporulate, and the spores 

accumulate actinides differently than do living cells.[6] Also, differences in the 

coordination sphere of U(VI) interacting with freshly grown and aged biomass samples 

have been detected by X-ray absorption fine structure spectroscopy (XAFS).[12, 20] 

Thus we used laser spectroscopy to investigate the differences in the interaction of U(VI) 

with living Bacillus cells, spores, and heat-killed and decomposed cells. XAFS and 

TRLFS of U(VI) have shown that the metal ion is complexed primarily by phosphate 

groups on the bacterial surface.[6] However, the nature of the phosphate bonding (i.e., 

organically bound phosphate, polyphosphates, or monomeric inorganic phosphates) is 

still unknown, and determining the nature of this bonding was the aim of this study.  

The peptidoglycan layer of Gram-positive bacterial cell walls contains teichoic 

acids, acidic polysaccharides with organically bound phosphate groups.[21] Adenosine 

monophosphate (AMP) has a phosphate group bound in a similar way. In both substances 

the phosphate group is bound to a sugar via carbon (-CH2-) by single bonding. Assuming 

that U(VI) will interact with the two species similarly, we used AMP as a model 

substance for teichoic acids. Its spectrum is shown as line II in Figure 1 (also see Table 

1). Uranyl (2.1.10–4 M), in contact with freshly grown B. sphaericus (biomass: 1.17 g/L) 
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for 12 h at pH 4.5, showed a nearly identical fluorescence spectrum to uranyl-AMP 

(Figure1, spectrum III; Table 1). This suggests that uranyl is complexed in the same way 

by AMP and the bacterial surface via an organically bound phosphate group. After the 

uranyl was left in contact with the B. sphaericus suspension for two weeks at room 

temperature, only a minor peak shift (Table 1) and no other significant changes in the 

spectrum occurred. Similarly, uranyl complexes with bacillus spores and with killed, 

intact cells (prepared by heating at 60oC for 24 h) showed no significant changes in the 

uranyl fluorescence spectra. Based on the fluorescence spectra, no changes could be 

detected in the chemical environment of the uranyl sorbed by living cells, spores, and 

intact killed cells of B. sphaericus. After 4 weeks at room temperature, the uranyl–B. 

sphaericus suspension no longer contained living cells (demonstrated by plating), and the 

uranyl fluorescence shifted significantly, by about 4 nm, to a higher wavelength, 

compared to the fresh cells (Figure 1, spectrum IV; Table 1). Microscopic inspection of 

the cells after 8 weeks showed that they were completely decomposed and the cell walls 

were fragmented (pH unchanged at 4.5). The corresponding fluorescence spectrum 

(Figure 1, spectrum V; Table 1) was further shifted to higher wavelengths by about 1 nm. 

More significant was the change in half-width of the fluorescence peaks, from 10.8 nm at 

498 nm and 11.7 nm at 519 nm for uranyl bound to fresh cells (Figure 1, spectrum III) to 

5.9 nm at 502 and 7.1 nm at 524 nm (Figure 1, spectrum V). The peak shift and the 

change in halfwidth of the emission peaks indicate a major change in the chemical 

environment of the uranyl ion. 

When bacteria decompose, hydrolytic enzymes are known to release large 

amounts of phosphate from organically bound phosphate, i.e., from the DNA of the 
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bacteria.[22] Inorganic monophosphate can complex the uranyl ion, and if the solubility 

product of uranyl phosphates is exceeded, precipitation follows. We simulated this 

condition by adding NaH2PO4 solution at pH 4.5 to a uranyl perchlorate solution of the 

same pH. Immediate precipitation was observed (Figure 1, spectrum VI; Table 1); the 

similarity between this spectrum and that of uranyl in suspension with decomposed 

bacteria (Figure 1, spectrum V; Table 1) suggests that the uranyl precipitated in a similar 

way with the inorganic monophosphate that was released by the bacteria. To demonstrate 

that the uranyl was not stabilized in solution by oligo- or polyphosphate complexation, 

we measured the fluorescence spectrum of a uranyl-polyphosphate complex (Figure 1, 

spectrum VII; Table 1) and of a uranyl adenosine triphosphate ATP complex (Table 1). 

These two spectra were very similar, indicating that the uranyl ion was complexed by the 

terminal phosphate group of ATP and that the organic portion of ATP had a negligible 

influence on the fluorescence of the uranyl ion. The spectra of the uranyl ATP and uranyl 

polyphosphate complex (Figure 1, spectrum VII) differed significantly in shape and peak 

maximum from the previously measured uranyl species, but agreed very well with 

spectra reported for UO2H2PO4
+ / UO2HPO4 (Table 1).[23] The literature data, however, 

were recorded at pH 3 to avoid uranyl phosphate precipitation. The similarity of these 

three spectra implies a similar complexation and stabilization of the uranyl ion.  

To confirm the release of phosphate species by the decomposition of the bacteria 

with a second analytical method, we investigated suspensions of B. sphaericus [pH 4.5, 

no U(VI)] by Raman spectroscopy. Due to the low sensitivity of the method, the 

spectrum of fresh B. sphaericus shows no identifiable Raman lines (Figure 2) at the 514 

nm wavelength used in this experiment. No resonance Raman effect was observed, 
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because most of the absorption maxima of the cell wall components are in the UV 

region.[16] In suspensions of decomposed B. sphaericus, however, distinct Raman lines 

were detected (Figure 2; Table 2). Four Raman lines were found at similar shifts for 

KH2PO4 (390, 792, 1078, and 1165 cm–1) and for the decomposed bacteria (391, 794, 

1066, 1183 cm–1).  The line that undergoes a steady shift from 556 cm–1 to 537 cm–1 to 

519 cm–1 for K3PO4, K2HPO4, and KH2PO4, respectively, is shifted further to 467 cm–1 

for the decomposed bacteria. The appearance of Raman lines from decomposed cells 

similar to lines of KH2PO4 is a further indication of the release of a single or multiple 

phosphate species (with unknown cations). We found that only very high concentrations 

of solved phosphate (> 10 mM, 0.95 g/L PO4
3–) were detectable with our Raman setup. It 

is unlikely that this large amount of phosphate was released by the bacteria (total biomass 

1.17 g/L). The intensity of the Raman lines we found is therefore higher than expected 

for truly solved phosphate. This indicates a precipitation or an attachment on the cell 

surfaces of the phosphate species. Light scattering increases dramatically when colloids 

or precipitates are formed. Also possible is an enhancement of Raman lines by 

attachment of phosphate on the surface of cell fragments.[15]  

Related XAFS studies of U(VI) [12] and Pu(VI) [10] precipitated with NaH2PO4 

at pH 4.5 confirmed that the precipitate is UO2(H2PO4)2. These data, combined with the 

fluorescence and Raman spectra, lead to the conclusion that bacterial decomposition 

released H2PO4
– that complexed the uranyl and formed a precipitate of UO2(H2PO4)2  if 

the solubility product of this species is exceeded. 

 

3.2. Interaction of U(VI) with Gram-negative Pseudomonas aeruginosa genetically  
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 engineered to secrete phosphate 

We investigated the interaction of actinides with phosphate released by genetically 

engineered P. aeruginosa. In the presence of the inducer IPTG, these bacteria accumulate 

large intracellular pools of polyphosphate. These pools, under carbon starvation 

conditions, are subsequently degraded, and the resulting inorganic phosphate is secreted 

from the cell. Without the inducer, much smaller amounts of phosphate – that is, part of 

the endogenous metabolism of the bacteria – are released.  

Uranyl ion was added to freshly grown and washed samples of induced P. 

aeruginosa. Uninduced samples (not induced to accumulate polyphosphate and secrete 

phosphate) were used as a control. Fluorescence spectra were taken at various time 

intervals from 5 min to 8 days after the uranyl was added to the bacterial suspension. The 

spectra for the control bacteria show the typical fluorescence expected for uranyl 

hydrolysis products at pH 4.5 (Figure 3A).[24, 25] The spectra did not change 

significantly with time over 8 days, and no change in the chemical environment of the 

uranyl was detectable. However, in the fluorescence spectra of uranyl in suspension with 

the induced bacteria (Figure 3B), peaks evolve after 1 day, and the broad spectrum, 

characteristic of the uranyl hydrolysis products, diminished. This trend continued for 8 

days until a spectrum with distinct peaks developed. This spectrum did not change further 

with time for the following 4 days. The decomposition of the biomass prohibited longer-

term investigations. No such change of the uranyl hydroxide complexation was observed 

for the control bacteria. This leads to the conclusion that surface complexation reactions 

or phosphate released by the endogenous metabolism of the bacteria do not interact 

significantly with the uranyl hydrolysis complex under the given experimental 



 

 

 

12

conditions. A comparison of the results of noninduced versus induced bacteria 

demonstrates that the uranyl hydrolysis complex at pH 4.5 is replaced only by 

complexation with phosphate released by the induced bacteria. 

To distinguish between uranyl hydrolysis products and sorbed or precipitated 

uranyl species, samples of both induced and uninduced bacterial suspensions underwent 

the following procedure. At intervals from 5 min to 8 days the suspension was divided 

into three equal samples. The supernatant from the first sample was carefully separated 

from bacteria and potential precipitates by centrifugation. The supernatant from the 

remaining two samples was removed by centrifugation and discarded. The cell pellet was 

washed, centrifuged, and resuspended in 0.1 M KNO3, one sample at pH 4.5 and the 

other at pH 3. At pH 3, no hydrolysis of uranium (VI) occurs, and free uranyl ion is the 

dominant species.[24, 25] The soluble free uranyl ion was removed by washing the 

bacteria at pH 3, assuming that the U(VI) complexed on the cell surface is not affected 

severely by this process. We found no free uranyl ion in solution during the experiment, 

indicating that no significant amount of U(VI) is desorbed from the cell surface. 

Fluorescence spectra for the original suspension, the supernatant, and the resuspended 

cells at pH 4.5 and pH 3 were measured. Figure 4 shows the spectra two days after the 

uranyl ion was added to the bacteria suspension. For the noninduced bacteria, the spectra 

can be related to uranyl hydrolysis products (Figure 4A, spectra III, IV, and V). The 

spectra of the induced bacteria are dominated by uranyl phosphate peaks, but the uneven 

peak height of the two main peaks and the poor peak resolution can be explained by the 

presence of uranyl hydrolysis products (Figure 4B, spectra III, IV, and V). Uranyl 

hydrolysis products are found in the supernatant, and as a precipitate inseparable from the 
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bacteria at pH 4.5. At pH 3, uranyl hydrolysis products were converted into the free 

uranyl ion, which is separated from the bacteria. The uranyl fluorescence in the 

suspension at pH 3 of noninduced P. aeruginosa consists of the broad fluorescence 

background of the bacteria and of distinct fluorescence peaks of U(VI) (Figure 4A, 

spectrum II). The similarity of this spectrum to that of U(VI) sorbed on B. sphaericus 

(Figure 1, spectrum III) indicates that the uranyl ion was sorbed on the P. aeruginosa cell 

surface. The spectrum of the induced P. aeruginosa at pH 3 is diminished in intensity by 

the removal of uranyl hyrolysis species, and the two main peaks have the same height 

(Figure 4B, spectrum II).  

A comparison of all spectra of the bacterial suspensions at pH 3 from 5 min to 8 

days is shown in Figure 5. For the noninduced P. aeruginosa (Figure 5A), no major 

change in the intensity of the peaks occurred with time. No further sorption occurred, and 

the major part of the uranyl ion was still in solution, either as free uranyl ion or as uranyl 

hydrolysis products. This leads to the conclusion that sorption on the surface of the 

bacteria, release of phosphate by their endogenous metabolism, and/or decomposition of 

cells have no major impact on the U(VI) within the time limits of this experiment. This 

contrasts with the results of the Gram-positive B. sphaericus, where under similar 

conditions nearly all U(VI) is sorbed in one day.[12] The lower sorption capacity of P. 

aeruginosa is most likely due to the absence of teichoic acids in the cell wall of Gram-

negative bacteria. In Gram-negative bacteria, the complexing phosphate groups are part 

of the outer cell membrane, which is not found in Gram-positive bacteria.[21] The more 

complex structure of the Gram-negative cell walls complicates any analysis of the 

location of potential sorption sites.  
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For P. aeruginosa induced to secrete phosphate (Figure 5B), a steady increase in 

the intensity of the uranyl phosphate peaks with time is visible. The continuous secretion 

of phosphate by P. aeruginosa is probably responsible for the ongoing precipitation of 

uranyl phosphate species. After 8 days, 97% (error 3%) of the U(VI) was removable from 

the suspension by centrifugation.  

To determine if the uranyl phosphate was precipitating alone or as a coprecipitate 

with the biomass, we performed one more experiment. U(VI) was added to induced P. 

aeruginosa that had been secreting phosphate for 12 days. The resulting spectrum (Figure 

6A; Table 3) is nearly identical to that of a U(VI) precipitate with NaH2PO4 at pH 4.5 

without bacteria present (dotted line, Figure 6A). Therefore, we conclude that only one 

species of monophosphate is present, giving rise to the same spectrum as a precipitate of 

U(VI) with H2PO4
–, and the presence of the bacteria did not chemically change the 

precipitate if the phosphate is released before the U(VI) is added. 

Comparing the spectrum of the U(VI)–phosphate precipitate without bacteria 

present (dotted line, Figure 6B) to that of the former experiment with induced P. 

aeruginosa (line, Figure 6B), we find that the peak wavelength maxima of the latter are 

shifted, and the width of the peaks at half height has widened significantly (Table 3). Due 

to the asymmetric peak shape, the spectrum could only be fitted with two sets of 

Lorentzian peaks, indicating that multiple species were present. No clear separation of 

different species could be achieved with time resolution. The differences in fluorescence 

of P. aeruginosa in contact with U(VI) for 8 days, compared to a stand-alone 

precipitation of U(VI) phosphate, probably result from the slow release of phosphate 

leading to uranyl precipitation/crystallization on the cell surface.  
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Besides phosphate, other functional groups on the bacteria surface (hydroxyl, carboxyl) 

may affect the complexation or precipitation of U(VI). This assumption was further 

confirmed by the fluorescence spectrum of U(VI) in suspension with decomposed P. 

aeruginosa (Figure 6C; Table 3), which is very similar to a uranyl phosphate precipitate. 

After 8 weeks at room temperature under aerobic conditions, P. aeruginosa may have 

decomposed in a manner similar to B. sphaericus. When the cell walls were destroyed, 

the weak complex / precipitate of U(VI) on the cell surface is replaced by complexation / 

precipitation of U(VI) with inorganic phosphate.  

 

4. Conclusions 

Using spectroscopy, only sorption of uranyl on the surface of living B. sphaericus was 

detected. The main functional group for uranyl uptake is organophosphate on the cell 

surface. No hydrolysis product, or any other uranyl complex, was observed in the 

fluorescence spectra, indicating that the sorption under the given conditions is 

quantitative, which also is predicted by sorption experiments.[12] We found no evidence 

of interactions of uranyl with other functional groups, i.e., carboxylate on the cell surface, 

or evidence for the formation of stable uranyl complex in solution by chelating agents. 

(Siderophores are sometimes expressed by bacteria as a defense against heavy metals.) 

The similar uranyl fluorescence spectra measured for living B. sphaericus, spores, and 

dead cells indicate no change in the nature of the uranyl complexation. Only differences 

in the quantity of uranyl uptake of this species were found.[11, 12] The significant 

change in uranyl fluorescence after decomposition of B. sphaericus may be explained by 

the decomposition of organophosphates to H2PO4
–, which is released when the cells 



 

 

 

16

fragment form a UO2(H2PO4)2 precipitate with U(VI). This leads to an immobilization of 

U(VI) to an extent far higher than by sorption of U(VI) on living cells. While living, 

dead, and decomposing bacteria are present in natural aquifers, these processes need to be 

taken into account for the prediction of the migration behavior of actinides.  

Uninduced P. aeruginosa does not complex uranyl significantly, so that most of 

the U(VI) is present as uranyl hydroxyl complexes. Compared to the Gram-positive B. 

sphaericus, Gram-negative P. aeruginosa immobilizes U(VI) by sorption to a far lesser 

extent. It can be concluded that, in the metabolism of P. aeruginosa under the conditions 

of our experiment, no agents (phosphate or organic chelating agents) are produced that 

complex U(VI). With P. aeruginosa genetically engineered to secrete phosphate, a 

complete immobilization of uranyl as a uranyl phosphate precipitate on the surface of the 

cells can be achieved. Larger amounts of U(VI) can be accumulated by this surface 

precipitation than by sorption on the cell surface by a limited number of functional 

groups. Therefore, use of genetically engineered P. aeruginosa may be a promising 

method for bioremediation of actinides in aqueous media with a stable filterable 

precipitate formed by the bacteria. 
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Figure captions: 

 

Figure 1: Fluorescence spectra of: (I) Bacillus sphaericus; (II) U(VI)–adenosine 
monophosphate complex; (III) U(VI) bound on living, fresh B. sphaericus; (IV) U(VI) 
bound to aged B. sphaericus spores for 4 weeks; (V) U(VI) suspension with decomposed 
B. sphaericus; (VI) U(VI)–precipitated with NaH2PO4 at pH 4.5; (VII) U(VI)– 
polyphosphate complex pH 4.5. 
 

Figure 2: Raman spectra of mono-, di-, and tri- basic phosphate, and living cells of and 

decomposed Bacillus sphaericus. 

 

Figure 3: Fluorescence spectra as a function of time after uranyl(VI) is added to:   

(A) Pseudomonas aeruginosa not induced to secrete phosphate; dashed line is U(VI) at 

pH 4.5 without bacteria present. (B) Pseudomonas aeruginosa induced to secrete 

phosphate. 

 

Figure 4: Fluorescence spectra of U(VI)–Pseudomonas aeruginosa 48 hours after 

suspension was prepared. (A) Uninduced P. aeruginosa; (B) Induced P. aeruginosa. For 

both (A) and (B): (I) no U(VI); (II) washed at pH 3; (III) washed at pH 4.5; (IV) original 

suspension; (V) supernatant of washing at pH 4.5. 

  

Figure 5: Fluorescence spectra of uninduced (A) and induced (B) Pseudomonas 

aeruginosa, 

Taken at various times after addition of U(VI) and after washing at pH 3. Dashed lines: 

no U(VI). 

 

Figure 6: Fluorescence spectra of U(VI) –Pseudomonas aeruginosa induced; (A) U(VI) 

added after 12 days; (B) in contact with U(VI) for 8 days, after subtraction of background 

(dashed line, Figure 5); (C) in contact with U(VI) for 8 weeks, cells decomposed. Dotted 

lines: U(VI)–phosphate precipitate at pH 4.5. 
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Tables 

 

Table 1: Main fluorescence wavelengths (nm) of various uranyl-complexes 

Species Main fluorescence wavelengths (nm) 
/Peak width at half height (nm) 

Source 

UO2
2+ hydrolysis at pH 4.98 500[a] 516  533  555[a] [24] 

UO2
2+ hydrolysis at pH 4.5 500[a] 515 534 558[a] This work 

UO2
2+ AMP pH 4.5 497 / 10.7 519 / 11.4 542[a] 569[a] This work 

UO2
2+ B. sph. fresh pH 4.5 498 / 10.8 519 / 11.7 542[a] 569[a] This work 

UO2
2+ B. sph. 2 weeks 499 / 10.5 520 / 10.9 543[a] 571[a] This work 

UO2
2+ B. sph. 4 weeks 502 / 9.7 523 / 10.5 547 573[a] This work 

UO2
2+ B. sph. decomposed  502 / 5.9 524 / 7.1 548 574 This work 

UO2
2+phosphate prec. pH 4.5 503 / 6.5 524 / 7.1 548 574 This work 

UO2
2+ polyphosphate pH 4.5 494 / 10.0 516 / 10.0 540 566 This work 

UO2
2+ ATP pH 4.5 495 / 9.0 517 / 9.4 540 566 This work 

UO2H2PO4
+ / UO2HPO4 pH 3 494 517 541 565 [23] 

 

[a]Fluorescence peaks not clearly resolved, estimated maximum. 
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Table 2: Raman shifts of phosphate species 
 
Species  Raman shifts (cm–1) and vibration modes Source 
PO4

3– 420 
416 
δs(PO4) 

556 
554 
δas(PO4)

 --- 
936 
υs(PO4) 

1013 
1013 
υas(PO4)

 [15] 

HPO4
2– 402 

 
397 

537 
 
534 

850[a] 
855 
852 
υ(POH) 

989 
990 
989 
υs(PO3) 

1086 
1083 
1084 
υas(PO3)

 [15, 26] 

H2PO4
–

 

 

 

390 
382 

519 
515 

792 
878 
υs(P(OH)2)

(949) 
(949) 
H2P2O7

2

– 

1078 
1075 
υs(PO2) 

1165 
1150 
[a] 

[26] 

B. sph. decomp. 391 467 794  1066[a] 1183 
[a] 

 

 
[a] Broad or not resolved peaks or shoulders 
δ = deformation, υ = stretching, s = symmetric, as = asymetric 
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Table 3: Main fluorescence wavelengths (nm) of various uranyl-P. aeruginosa 
complexes 
 

Species Main fluorescence wavelengths (nm) / 
Peak width at half height (nm) 

UO2
2+ hydrolysis at pH 4.5 (no bacteria) 500[a] 515 534 558[a] 

UO2
2+ suspension 8 d, pH 4.5, not induced n.a. 519[a] 538[a] n.a. 

 UO2
2+ suspension 8 d, pH 4.5, induced 497 / 9.5 519 / 10.4 545 571 

UO2
2+ supernatant  8 d, pH 4.5, induced     498 / 10.1 521 / 10.3 545 573 

UO2
2+ washed, pH 4.5, 8 d, induced 497 / 9.8 519 / 10.5 544 571 

UO2
2+ washed, pH 3, 8 d, induced 498 / 9.6 520 / 10.5 545 572 

UO2
2+ suspension 8 weeks, induced 502 / 4.5 523 / 5.3 548 574 

UO2
2+ added after 12 days to induced P.aer. 502 / 4.7 524 / 5.7 548 574 

UO2
2+precipitate, pH 4.5 (no bacteria) 503 / 6.5 524 / 7.1 548 574 

UO2
2+ ATP, pH 4.5 (no bacteria) 495 / 9.0 517 / 9.4 540 566 

 

[a] Fluorescence peaks not clearly resolved, estimated maximum. 
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